Introduction 55 56
Plant recruitment is a key phase in plant population and community dynamics (Nathan and 57
Ne'eman 2004), particularly in forest ecosystems, and foresters have devoted much effort to 58 obtaining natural regeneration in ageing stands. However, regeneration of mature stands is 59 challenging in the Mediterranean forests due essentially to limitations of seed and seedling 60 establishment (e.g. Acácio et al., 2007; Mendoza et al. 2009; Smit et al., 2009) , driven mainly 61
by abiotic constraints such as drought (Castro et al. 2004) , but also by high pressure from 62 herbivores (Baraza et al. 2006 ) and sometimes inappropriate management techniques (Pulido 63 et al. 2001) . 64
In this study we examined the influence of different types of silvicultural treatments on 65
Aleppo pine (Pinus halepensis) recruitment in various environmental conditions. P. 66 halepensis (subsp. halepensis and brutia) is the most widespread coniferous species in the 67 Mediterranean area, covering some 6.8 million hectares in the Mediterranean Basin (Barbéro 68 et al., 1998) . This pine exhibits a dual life history strategy characterized by its efficiency in 69 exploiting new establishment opportunities generated by various disturbances in the absence 70 or in the presence of fire (Ne'eman et al., 2004) . Its capacity to colonise disturbed sites in fire-71 free conditions is illustrated by the fast expansion of this species after land abandonment in 72 southern France -from to 135 000 to 250 000 ha in less than 5 decades -and its ability to 73 invade unburned disturbed areas in the southern hemisphere (Richardson, 2000) . After a fire, 74 recruitment of Aleppo pine, like other post-fire regenerating serotinous pines, is generally 75 profuse though variable (Pausas et al., 2004a) and has been studied in depth (e.g. Trabaud et 76 al., 1985 , Daskalakou and Thanos 1996 , Arianoutsou and Ne'eman 2000 . In contrast, in the 77 absence of fire, seedlings rarely establish beneath pine canopy and various explanations have 78 been suggested such as light limitation, seed predation, needle layer effect (Arianoutsou and  79 Ne 'eman, 2000, Nathan and Ne'eman, 2004) . Some studies performed on Pinus pinaster, 80
another European Mediterranean pine with similar ecological traits, also showed the 81 importance of percentage of litter cover on natural regeneration (Rodríguez-García et al., 82 2010) as well as the influence of coarse woody debris on post-fire recruitment (Castro et al., 83 2011) . As no clear single key factor has been put forward to explain lack of regeneration of 84
Aleppo pine in fire-free conditions, recruitment has been depicted as fairly unpredictable 85 (Nathan and Ne'eman, 2004) . In the course of succession in mesic or sub-humid areas, 86 The second site (Saint-Cannat, altitude 245 m) lays on a flat area with a climate comparable 128 to that of the first site: mean rainfall 620 mm and mean temperature 13.3 °C. Soils are also 129 calcareous but deeper (30 cm) than in the first site and the limestone bedrock is more 130 fractured. These features, plus the fact that the area had been cultivated in the past, gives a 131 higher soil fertility than in Barbentane. The vegetation is composed of a 60-90-year-old 132 the treatments applied in this site is available in Prévosto and Ripert (2008) . We recall below 157 the main characteristics of the seven treatments used in this study. They consisted in (Table  158 2): 159
Materials and Methods
Ground vegetation chopping: this mechanical treatment reduces all branches, shrubs 161 and wood pieces up to 15 cm to small fragments; it was performed in the presence of 162
Chopping followed by scarification of the soil in one direction in the presence of slash 164
Chopping followed by scarification of the soil in one direction with slash removed 166 beforehand (SCA1_S0), 167 (iv)
Chopping followed by scarification in two perpendicular directions with slash left 168 (SCA2_S1), 169 (v) Controlled intense fire in the presence of slash, leaving only ashes on the soil 170
Controlled fire of low intensity without slash, ground vegetation and litter being only 172 partially burned (FIRE_S0), 173 (vii) Control: no treatment applied (CONT). 174
175
Treatments were applied on 200 m 2 plots and replicated four times using four 2800 m 2 blocks 176 (one block included all the treatments). 177
Saint-Cannat 178
Four treatments were applied in 1995 and consisted of: 179
180
Author-produced version of the article published in Forest Ecology and Management, 2012, 282, 70-77 In all three sites, sampling was done in each plot using 1 m 2 subplots regularly installed along 207 2 to 5 transects. In Barbentane, 15 subplots were used per plot, except in the control (10 208 subplots), resulting in a total of 400 subplots for the whole experiment. In Saint-Cannat, 36 209 subplots were used per plot (total 576 subplots) and Vaison 20 to 21 subplots per plot (total 210 369 subplots). 211
In each subplot, live pine seedlings were counted and soil surface description was carried out 212 at the end of the growing season at years 1 to 6 after the end of the treatments in Barbentane, 213 at years 1, 3, 9 and 16 in Saint-Cannat and at years 1, 2, 3 and 6 in Vaison.
Soil surface description consisted in visually estimating the cover in bare soil, grass, shrub, 215 and litter using an abundance dominance coefficient derived from the Braun-Blanquet 216 method: 1 presence, 2 < 5%, 3 = [5-25% [, 4 = [25-50%[, 5 = [50-75%[, 6 = [75-100%] shown) demonstrated that density was adequately modelled by a negative binomial law. We 225 therefore ran generalised linear models (GLM) for each site using a negative binomial 226 relationships to test the effects of treatment used a categorical variable, time and soil cover 227 conditions used as quantitative variables (procedure 'glm.nb' of the 'MASS' package, R 228 software). If treatment effect was found significant, we then used non-parametric multiple 229 comparisons following the method proposed by Siegel and Castellan (1988) to detect 230 significant differences (P < 0.05) among the treatments. To analyse the influence of the 231 treatments and time on soil covers in bare soil, herb and shrub we also produced GLM models 232 (procedure 'glm' of the 'car' package, R software). Height data were log-transformed to meet 233 the conditions of normality and homogeneity of variances. Classical ANOVAs followed by 234 Tukey post hoc tests were then performed to detect significant differences (P < 0.05) among 235 the treatments. 236
Author-produced version of the article published in Forest Ecology and Management, 2012, 282, 70-77. Original publication available at http://www.sciencedirect. com/ doi : 10.1016/j.foreco.2012.06.043 Results 237
238
Effects of treatments and soil surface conditions on pine density 239 240 Pine density varied with time and was significantly influenced by the treatments in all sites 241 (Table 3) . 242 Table 3  243 Pine density peaked at 2-3 years for all sites ( In all three sites, chopping followed by a single scarification emerged as the most favourable 251 treatment. It was noteworthy that presence or absence slash did matter; pine density was 252 higher with slash in Barbentane than without slash, whereas the reverse was true in Vaison. 253 Surprisingly, chopping followed by a double scarification, tested in Vaison and Barbentane, 254 led to lower pine densities than the previous treatment. It was also largely less favourable to 255 regeneration than the high-intensity controlled fire treatment (FIRE_S1). This latter treatment 256 proved to be as efficient as the single scarification treatment, although it was tested at only 257 one site. By contrast, lower pine densities were recorded after low-intensity fire treatment 258 (FIRE_S0, Barbentane and Saint-Cannat) and after the chopping treatment (all sites). Lastly, 259 the absence of any interventions in the control prevented seedlings becoming established or 260 only at a very low density. 261
Herb cover emerged as the most significant soil surface descriptor influencing pine density in 262 all sites whereas shrub an soil cover had a contrasting and less significant influence (Table 3) . Author-produced version of the article published in Forest Ecology and Management, 2012, 282, 70-77. Original publication available at http://www.sciencedirect.com/ doi : 10.1016/j.foreco.2012.06.043
Influence of treatments on soil surface conditions 271
272
Treatments and time strongly influenced soil surface conditions (Table 4) . 273 Table 4  274 As expected, bare soil cover was higher in the scarification treatments (single or double) and 275 in the high-intensity controlled fire treatment than in the other treatments (Fig. 3) . It strongly 276 decreased with time for all the sites, falling in three years from 24% to 5% in Barbentane (all 277 treatment included), from 10% to 4% in Saint-Cannat and from 62% to 16% in Vaison. The 278 decrease was less pronounced in the following years, but after 6 years (9 years for Saint-279 Cannat) soil cover was less than 3% in all sites. 280
In contrast to bare soil cover, herb cover sharply increased in the years following treatment 281 application at all the sites. However, the increase was moderate from 3 years to 9 years in 282 Saint-Cannat (from 29% to 33%) and then fell to 7%, whereas it was more pronounced in 283
Barbentane and Vaison, reaching respective mean values of 43% and 51%. Scarification 284 treatments proved more favourable to herb cover development than the chopping and the 285 control treatments for Vaison and Saint-Cannat, whereas only the high-intensity controlled 286 fire treatment constantly reduced herb cover in Barbentane (29% vs. 46% for the other 287 treatments). 288
Shrub cover gradually increased with time in all sites and for all treatments except for the 289 control treatment, where the increase was null or moderate. Shrub cover was higher in Cannat (69% at 9 years) than in Barbentane (35% at 6 years) and Vaison (45% at 6 years), 291 related to a weaker herb development as seen above. Chopping in Saint-Cannat and Vaison 292 and high-intensity controlled fire in Barbentane were the treatments most favourable to shrub 293 development. In contrast, scarification and low-intensity controlled fire were less favourable 294 to shrub cover (see also Table 4 ). 295 Author-produced version of the article published in Forest Ecology and Management, 2012, 282, 70-77. Original publication available at http://www.sciencedirect.com/ doi : 10.1016/j.foreco.2012.06.043
Seedling dimensions 305 306
Six years after the end of treatments, height was greater in the treatments with scarification 307 than in the other treatments in Barbentane and Vaison (Fig. 4) . This positive effect of 308 scarification was still noted after 16 years in Saint-Cannat. We recorded similar results when 309 examining seedling mean stem diameter (data not shown). 310 311
Figure 4 312
Author-produced version of the article published in Forest Ecology and Management, 2012, 282, 70-77. Original publication available at http://www.sciencedirect.com/ doi : 10.1016/j.foreco.2012.06.043 in fact subject to less variability of the abiotic and biotic factors; in particular, seed rain was 330 more controlled. Seed source was assured in our experiments by mature trees only, which 331 occurred in similar proportions in the different sites (basal areas 9.5-12 m 2 /ha). By contrast, 332 in post-fire conditions, seed rain was largely dependent on fire conditions and stand 333 characteristics. The release, after a fire event, of large aerial seed bank canopies of dense 334 mature pine stands may lead, in conjunction with favourable climatic conditions, to the 335 establishment of a "single massive wave" of seedlings during the first post-fire rainy season 336 (Daskalakou and Thanos, 2004, 2010) . By contrast, seed rain can be greatly reduced in young 337 and sparse stands, thus severely limiting pine recruitment. This process explains the much 338 higher fluctuations of densities recorded in post-fire studies than in our less variable 339 conditions. It also explains why our pine densities peaked later (2-3 years) than in post-fire 340 conditions where densities usually peaked in the first year following the fire (e.g. Daskalakou 341
and Thanos, 2010). enhance release of autotoxic compounds (Fernandez et al., 2008) . In the Barbentane site, the 367 positive effect of slash can be explained by limitation of herb cover (20% cover after 3 years 368 instead of 32% without slash) as herb cover was clearly detrimental to pine establishment. In 369
Vaison, explanations for the positive effect of slash removal were, however, less easy to find, 370 although soil cover was slightly increased in the first year following this operation (79% vs. 371 63%). 372 Surprisingly, chopping followed by a double scarification with slash presence was less 373 (Barbentane) or no more (Vaison) favourable than a single scarification with slash. The 374 possible positive effect linked to cones in the slash could have been suppressed by a deeper 375 burial of the cones by more intense scarification. Also, double scarification was of less benefit 376 to shrub development, which in turn could influence seedling survival positively. In the harsh 377 abiotic conditions prevailing in Barbentane, the outcome of seedling-shrub interactions were 378 likely to result in facilitation due to attenuation of extreme temperature fluctuations and 379 excessive solar radiation on young pine seedling developing beneath shrub cover (Castro et 380 al., 2002; Valladares et al., 2005 ) 381
The controlled fire treatments showed a contrasting effect on pine recruitment depending on 382 the presence or absence of slash. The low-intensity fire in the absence of slash produced less 383 bare soil, particularly in Saint-Cannat, and favoured herb layer development; these two factors 384 being unfavourable to pine regeneration. The herb layer was dominated by the grass 385 B. retusum, a rhizomatous perennial plant that is very competitive for water (Clary et al., 386 2004) and can successfully compete with pine seedlings (Pausas et al., 2003 , Maestre et al., 387 2004 . By contrast, the intense fire observed in the presence of slash was able to damage the 388 root system of this plant and also reduce soil seed banks of herbaceous species. Reduction of 389 the competiting herb layer thus resulted in enhanced pine recruitment. Controlled burning is 390 usually restricted to fire prevention in the European Mediterranean area, but this study 391
showed that if applied to reach a sufficient fire intensity, this method can be a valuable tool The fact that double scarification was less favourable than single scarification has no 409 straightforward explanation. More intense scarification could lead to a fluffy soil structure 410 enriched with rocks and gravel and could therefore decrease soil water capacity. However, 411 further studies are needed to assess more clearly the impact of scarification treatments on soil 412 properties and resource availability for the plant in Mediterranean regions. Aleppo pine recruitment has been almost exclusively studied after wildfires, whereas renewal 418 of ageing stands in fire-free conditions has been largely ignored. In productive areas with a 419 strong silvicultural focus, there is a need to develop techniques of natural regeneration that 420 provide high seedling densities to produce wood for the lumber and pulp industry (Béland et 421 al., 2000; Landhausser, 2009 ). In less productive areas, where different objectives are 422 preferred (e.g. conservation, recreation), pine regeneration can still be needed to maintain pine 423 in pure or in mixed stands. This study confirms that, as for other northern pine species, soil 424 surface disturbance is the major driver for natural pine seedling establishment and therefore 425 that site preparation treatments matter (e.g., see reviews by Balandier et al., 2006 and 426 Wiensczyk et al., 2011) . In particular, treatments are essential to reduce herb competition (at 427 least temporarily) and allow pine recruitment. 428
Treatments such as chopping alone or controlled fire of low intensity are of low efficiency, as 429 they do not favour pine establishment and do not reduce ground vegetation competition 430 significantly. By contrast, chopping followed by moderate scarification clearly enhances pine 431 installation and growth in all sites conditions. Scarification does not need to be very intense, 432 and can even be detrimental to pine regeneration. Whether slash should be left or removed 433 before treatments is debatable, as different results were obtained according to site conditions. 434
This point requires further study to elucidate the influence of slash on abiotic and biotic 435 micro-factors. Controlled fire of high intensity is to our knowledge not used in southern 436
European pine forests as a tool for regeneration. This method merits further attention, as it 437 opens a larger time-window for recruitment than the other treatments by increasing bare soil 438 cover and by reducing competition on a long-term basis. 
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